The superconductor iron selenide (FeSe) is of intense interest owing to its unusual nonmagnetic nematic state and potential for high-temperature superconductivity. But its Cooper pairing mechanism has not been determined. We used Bogoliubov quasiparticle interference imaging to determine the Fermi surface geometry of the electronic bands surrounding the G = (0, 0) and X = (p/a Fe , 0) points of FeSe and to measure the corresponding superconducting energy gaps. We show that both gaps are extremely anisotropic but nodeless and that they exhibit gap maxima oriented orthogonally in momentum space. Moreover, by implementing a novel technique, we demonstrate that these gaps have opposite sign with respect to each other. This complex gap configuration reveals the existence of orbital-selective Cooper pairing that, in FeSe, is based preferentially on electrons from the d yz orbitals of the iron atoms.
Þ determination (20) (21) (22) , to measure the detailed structure of the energy gaps in FeSe.
In the orthorhombic phase below the structural transition temperature T S ≅ 90 K, FeSe has a crystal unit cell with conventional lattice parameters a = 5.31 Å, b = 5.33 Å, and c = 5.48 Å. We parameterize the Fe plane of the same lattice by using the two inequivalent Fe-Fe distances a Fe = 2.665 Å and b Fe = 2.655 Å in the orthorhombic, nematic phase [ Fig. 1A and section I of (23)]; we define the x axis (y axis) to always be parallel to the orthorhombic a Fe axis (b Fe axis), so that our x-y coordinate system rotates when a twin boundary is crossed. The FeSe Fermi surface is postulated to consist of three bands-a, e, and d (shown for k z = 0 in Fig. 1B )-and may be parameterized accurately using a tight-binding model (24, 25) that is fit simultaneously to several types of experimental observations [sections II and III of (23)]. Surrounding the G = (0, 0) point is an ellipsoidal hole-like a-band, whose Fermi surface k → a ðE ¼ 0Þ has its major axis aligned to the orthorhombic b Fe axis; surrounding the X = (p/a Fe , 0) point is the electron-like e-band whose "bowtie" Fermi surface k → e ðE ¼ 0Þ has its major axis aligned to the orthorhombic a Fe axis. At the Y = (0, p/b Fe ) point, a d-band Fermi surface should also exist if its quasiparticles are coherent, but it has not been detectable by spectroscopic techniques. In this picture, the d yz orbital content of the a-band Fermi surface has its maximum value along the x axis (green in Fig. 1B ), whereas its d xz orbital content peaks along the y axis (red in Fig. 1B) (25) . Conversely, the d yz orbital content of the e-band Fermi surface is maximum along the y axis (green in Fig. 1B) , and its d xy orbital content reaches its highest point along the x axis (blue in Fig. 1B ) [(24-26) and section II of (23) ]. These a-band and e-band Fermi surface pockets (Fig. 1B) exhibit maximal simultaneous consistency with Fermi surface geometry from angle-resolved photoemission spectroscopy (ARPES) (26, 27) , quantum oscillations (28, 29) , and our BQPI imaging, as discussed below and in section III of (23) .
A fundamental issue in iron-based superconductivity research is whether conduction electrons are weakly or strongly correlated and what the consequences thereof are for enhancing the superconductivity. The situation is complex because multiple Fe orbitals (e.g., d xz , d yz , and d xy ) are involved. One limit of theoretical consideration is an uncorrelated metallic state where "nesting" features of the Fermi surface geometry generate antiferromagnetic spin fluctuations, which then mediate Cooper pairing and superconductivity (2) . In contrast, the ordered magnetic states of these same materials are often modeled using frustrated multi-orbital Heisenberg (J 1 -J 2 ) models in which electrons are essentially localized, with the metallicity and spin fluctuationmediated superconductivity appearing upon doping this magnetic insulator (5) . Intermediate between the two is the Hund's metal viewpoint (7) in which strong Hund's coupling, while aligning the Fe spins, also suppresses the interorbital charge fluctuations. This generates orbital decoupling in the electronic structure, which allows "orbital selectivity" to occur in the effects of correlations (7, 8) . In theory, the result can be Mott-localized states associated with one orbital coexisting with delocalized quasiparticle states associated with others. Under such circumstances, the pairing itself can become orbital-selective (30, 31) , meaning that the electrons of predominantly one specific orbital character bind to form the Cooper pairs of the superconductor. If this occurs, the superconducting energy gaps should become highly anisotropic (30, 31) , being large only for those Fermi surface regions where a specific orbital character dominates. Such phenomena have remained largely unexplored because orbitalselective Cooper pairing has never been detected in any material.
To search for such pairing in FeSe, we applied BQPI imaging of impurity-scattered quasiparticles that interfere quantum-mechanically to produce characteristic modulations of the density of states, Nðr → ; EÞ (where r → is location), surrounding each impurity atom. When a k → -space energy gap D i ðk → Þ is anisotropic, the Bogoliubov quasiparticle dispersion E i ðk → Þ will exhibit closed constant-energy contours (CECs), which are roughly banana-shaped and surround Fermi surface points where D i ðk → Þ is minimum (20) (21) (22) . Then, at a given energy E, the locus of the "banana tips" can be determined because the maximum-intensity BQPI modulations occur at wave vectors q . Because these techniques can be implemented at temperatures T ≤ 300 mK, the D i ðk → Þ on multiple bands can be measured with an energy resolution dE ≈ 75 meV (21, 22) , a precision unachievable by any other approach.
However, no BQPI measurements have been reported for bulk FeSe, although photoemission data for the equivalent of the a-band do exist for a related compound, Fe(Se,S) (32) . For guidance, we first consider a pedagogical model, while recalling that Fermi surfaces and energy-gap structures derived using BQPI imaging do not depend on any particular model (20) (21) (22) . Given the a-band Fermi surface (dashed gray contour in Fig. 1C To measure the Fermi surface and the superconducting gap structure and sign, we imaged differential tunneling conductance dI=dV ðr
; EÞ at T = 280 mK (where I is current, V is voltage, and e is the electron charge) both as a function of location r → and electron energy E. Because the Fermi surface pockets are so small in area (Fig. 1B) , the expected range of dispersive intraband BQPI wave vectors is very limited-0 < jq →a;e i ðEÞj < 0:25ð2p=a Fe Þ-whereas the interband BQPI necessitates resolving wave vectors ≥p/a Fe . To achieve the q → -space resolutionjdq a;e i j ≤ 0:01ð2p=a Fe Þrequired to discriminate the energy evolution of BQPI on both the a-band and e-band necessitates high-precision gðr → ; EÞ imaging in very large fields of view. We typically used fields between 60 by 60 and 90 by 90 nm [section IV of (23) by using a low-resolution scanning tunneling microscope (STM) tip, we predominantly detected the BQPI signal corresponding to the a-band surrounding G = (0, 0) [a complete data set is shown in movie S1 and section IV of (23)]. The evolution of the BQPI triplet q →a i ðEÞ (black crosses in Fig. 2C ) in the range 2.3 meV > |E| > 0.8 meV at 280 mK is plotted in Fig. 2E . Analogous images for the e-band, obtained using tips with very high spatial resolution that are sensitive to states at high k → , are shown in Fig. 2 , B, D, and F [a complete data set is shown in movie S2 and section IV of (23) →e F , respectively, as E → 0 (Fig. 2 , E and F), FeSe superconductivity is demonstrably in the Bardeen-Cooper-Schrieffer limit, and not near the Bose-Einstein condensation limit where BQPI wave vectors must evolve to 0 as E → 0. From the conventional N(E) ≡ dI/dV(E) density-of-states spectrum at T = 280 mK (Fig. 2 , G and H), we find that the maximum gap on any band is D max a ¼ 2:3 meV, whereas another coherence peak occurs at the gap maximum of a second band at D max e ¼ 1:5 meV. The maximum gaps were assigned to each band on the basis of the energy evolution of BQPI to the energy limit E → 2.3 meV for the a-band and E → 1.5 meV for the e-band. Lastly, because no conductance was detected in the energy region E ≲ 150 meV; D min ≳ 150 meV for all bands.
The Fermi surfaces for the a-and e-bands were next determined using the fact that the k One of the key characteristics of iron-based superconductors is whether the energy gaps on different bands have opposite signs (2, 3). For FeSe, this situation should be designated ± because the more conventional designation s ± (2, 3) is rendered inappropriate by the orthorhombic crystal symmetry. One technique for measuring T pairing symmetry is to detect the enhancement in the amplitude of gðq → ; EÞ at specific BQPI wave vectors when a magnetic field is applied; this was proposed to occur because field-induced scattering results in amplified quasiparticle interference between regions of k → -space with same-sign energy gaps (39) . In Fe(Se,Te), this approach has yielded field-induced QPI intensity reduction for wave vectors linking the electron and hole pockets, indicative of ± pairing symmetry (40) . Yet there are reservations about this interpretation (41) because (i) the wave vectors where the Fe(Se,Te) field-induced alternations are reported occur at Bragg points of the reciprocal lattice, and (ii) a microscopic explanation for these field-induced reductions is absent. To address these issues, another BQPI technique designed to determine T pairing symmetry has been proposed (41). It is based on conventional (nonmagnetic) impurity scattering and the realization that the particlehole symmetry of interband scattering interference patterns depends on the relative sign of the energy gaps on those bands (41 Black arrows indicate the maximum energy gap on any band, which we determine from BQPI to be on the a-band (Fig. 3) . Red arrows indicate a smaller energy gap on a second band, which, from BQPI, is assigned to the e-band (Fig. 3) . (H) Calculated density of states N(E) from the band structure and gap structure model used herein [sections II and VIII of (23)].
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on March 21, 2018 http://science.sciencemag.org/ Downloaded from with radius dq confining q → -space to interband scattering processes between two distinct energy gaps (Fig. 3C) . Given our quantitative knowledge of the Fermi surface and energy gaps of FeSe (Fig. 3, A  and B (23)]. Experimentally, the challenge is then to achieve phase-resolved imaging of BQPI surrounding a single impurity atom in FeSe, such as an Fe site vacancy (42, 43) . Therefore, we measured gðr → ; EÞ around individual impurity sites, each in a field of view~6.5 by 6.5 nm (for example, Fig. 3D ), and then mapped the gðq → ; EÞ data onto a perfectly periodic atomic lattice. The r → -space origin of this lattice was then set at the impurity site (Fig. 3D ) and r À ðq → ; EÞ ¼ Re½ gðq → ; þEÞ À Re½ gðq → ; ÀEÞ was measured. Figure 3E is a typical example of r À ðq → ; EÞ [section VII of (23)]. Lastly, the r − (E) was determined from Eq. 5, with the integration radius dq chosen to capture only intensity related to scattering Þ are both extremely anisotropic but nodeless, each having C 2 symmetry with deep minima that are aligned along orthogonal crystal axes. Recalling that our x axis is defined to always be the orthorhombic a Fe axis, we have found these results to be equally true in both nematic domains. Such a gap structure is highly divergent from conventional spin fluctuation pairing theory (24) , which yields a weak, almost isotropic gap on the a-band and a strong gap on the e-band but with an anisotropy of opposite k → -space orientation to that of the experimental data [section VIII of (23) 
Re{ρ -(q, E=1.05 meV)} (44) . By projecting this form of orbital-selective pairing interaction onto the Fermi surfaces of FeSe (Fig. 3) , the gap functions can be predicted by solving the linearized gap equation [(24) and section VIII of (23) Fig. 4C ) are quantitatively consistent with the extremely anisotropic structure and sign reversal of the measured gap functions (Fig. 4, A and B) . Fig. 4C ) [(24-26) and section II of (23)], the influence of orbital selectivity on the Cooper pairing is directly manifest. Overall, these data reveal a distinctive and previously unknown form of correlated superconductivity based on orbitalselective Cooper pairing of electrons that, for FeSe, are predominantly from the d yz orbitals of Fe atoms. Such orbital selectivity may be pivotal to understanding the microscopic interplay of quantum paramagnetism, nematicity, and high-temperature superconductivity in iron-based superconductors. 
